Abstract Malignant mesothelioma (MM) appears to be responsive to immunotherapy. The lack of complete tumour cure as a result of many immunotherapies tested to date suggests that the immune response to MM is complex and multi-parametric. Regulatory T (Treg) cells are prevalent within murine and human mesotheliomas with their removal shown to result in tumour growth inhibition and the release of anti-tumour effector T cells from immunosuppression. The targeting of immune checkpoints as treatments for various solid tumours has recently shown promise in clinical settings. In addition, synergy between chemotherapy and immunotherapy has been demonstrated for many cancers, including mesothelioma. Here we demonstrate Treg cells as critical mediators of the anti-tumour immune response to MM and potential targets for anti-tumour immunotherapy; though the timing and dosage of Treg cell manipulating immunotherapies need to be optimised.
Introduction
Malignant mesothelioma (MM) is a cancer of the pleura and less commonly of the peritoneum, tunica vaginalis and pericardium [1] [2] [3] . Though the relatively recent discovery of a serum marker for MM, mesothelin [4] , may improve diagnosis in the future, at present MM remains a universally fatal cancer with median survival from diagnosis being only 9-12 months (reviewed in [5] ). Despite MM being a relatively rare cancer, its incidence is increasing steadily and is not expected to peak worldwide until approximately 2020 [6] . The correlation between asbestos exposure and MM is clear [7] . By the late 1990s, governments in many developed countries, including Australia, banned or seriously restricted the use of asbestos. Despite this ban on asbestos sales, the incidence of MM is still expected to rise due to the recent "renovation boom" (particularly in Australia) and the very long lag-times between exposure and diagnosis (30-40 years) . In addition, numerous developing countries continue to use asbestos [8] . In a 2005 Lancet review of MM, the management and treatment options for MM were discussed [5] . It was commented that novel therapies, such as immunotherapy and gene therapy, had received much research focus over the preceding 10 years as traditional therapies had proven largely ineffective. MM seems to be responsive to immunotherapy and MM patients are known to mount an anti-tumour immune response with some cases of spontaneous regression reported [9, 10] . The specific research contribution of our laboratory to this field has been the elucidation of the importance of regulatory T (Tregs) cells in the maintenance of an immuno-suppressive microenvironment within and surrounding growing murine mesotheliomas [11] [12] [13] .
The Identification of Regulatory T Cells in Mesothelioma
+ Treg cells are essential in maintaining peripheral immune tolerance [14] . Dysfunction of this cell population is associated with autoimmune diseases, persistent bacterial and viral infections, and inhibition of the immune response to cancer. Due to the important role of Treg cells in preventing autoimmune disease, homeostasis of this cell population is tightly regulated. Typically, Treg cells account for around 5-10% of the CD4 + T cell population [15] . However, in tumour-bearing hosts, Treg cell homeostasis is manipulated by the tumour to assist in the evasion of the immune system (reviewed in [16] ).
Our research group was the first to identify CD4 + T cells co-expressing both the CD25 cell surface marker and the transcription factor Forkhead box 3 (Foxp3) within murine mesotheliomas [11] . Murine mesothelioma cell lines have been derived for several mouse strains from primary asbestos induced tumours [17, 18] . Intra-tumoural Treg cells in the C57BL/6J model of AE17 mesothelioma were found to increase significantly as a percentage of total CD4 + T cells within tumours as they grew [11] . In contrast, the proportion of Treg cells within the CD4 + T cell compartment in the periphery of tumour-bearing animals remained relatively constant with increasing tumour size. This constant level of Treg cells in peripheral tumour-draining lymph nodes (TDLNs) and non-tumour draining lymph nodes of mesothelioma bearing mice was independently confirmed by studies performed in a CBA intra-thoracic (AC29) mesothelioma model and a BALB/c subcutaneous (AB1) mesothelioma model as detailed in Table 1 . Table 1 also presents confirmatory studies showing that intra-tumoural Treg cell numbers increase as mesotheliomas increase in size. Soon after these reports, CD4 + CD25 + Foxp3 + Treg cells were found in human mesothelioma pleural effusions, mesothelioma biopsies and the peripheral blood of mesothelioma patients (Table 1) . A correlation between Treg cell presence in tumours and survival was proposed as higher levels of intra-tumoural Treg cells correlated with shorter survival in human malignant pleural mesothelioma [19] .
Recruitment of Treg Cells to Mesotheliomas
The precise mechanism by which Treg cells are recruited to tumours, including mesotheliomas, and exert their function is unknown. One hypothesis is that Treg cells are generated in the periphery and are selectively recruited from the periphery to the tumour. Recent studies have shown that certain cytokines and chemokines can selectively induce Treg cell migration over other T cell populations [20, 21] . The expression of specific integrins (ie. α E β 7 /CD103) has been shown important for the homing of Treg cells to inflamed sites [22] . This migration of Treg cells from host tissues into the developing mesotheliomas was demonstrated in a study using a murine model where mesothelioma cells were implanted intra-peritoneally into GFP-expressing mice [23] . CCL24, which recruits resting T cells [24] , and interleukin (IL)-16, which has previously been shown in malignant pleural effusions to attract and assist in the differentiation of Treg cells [25] , were both found to be upregulated 7 days post tumour implantation. In addition, macrophage derived CCL17 and CCL22, known to recruit and assist in the differentiation of Treg cells, were shown to peak at day 14 post tumour challenge suggesting that macrophages may also play an important role in Treg cell recruitment to mesotheliomas. In our hands, neither the blockade of intra-tumoural CCL22 (0.2 mg anti-CCL22 monoclonal antibody (mAb) (clone 158113, R&D Systems) administered intra-tumourally to established 9 mm 2 AE17 s.c. tumours in C57BL/6J mice) nor systemic CCL22 (0.5 mg anti-CCL22 mAb administered i.p. to C57BL/6J mice bearing established 9 mm 2 s.c. AE17 tumours) resulted in any significant tumour growth inhibition. These same experiments showed no depletion of Treg cells within tumours and no activation of effector T cells within tumours [26] . CCL2, CCL12 and CXCL12 secreted or expressed by tumours cells (including mesothelioma cells) plus other tumour-associated cells also have chemotactic properties for Treg cells [27] . CCL2/CCL12 blockade in a murine AE17 model transfected with human mesothelin was shown to marginally inhibit tumour growth [28] . However, the blockade of CCL2/CCL12 combined with a vaccine targeted at the human mesothelin led to complete tumour clearance in two thirds of the animals treated. Follow-up mechanistic studies were not performed in the AE17 model but showed the combination of CCL2/CCL12 blockade with vaccine therapy resulted in a reduction in Treg cells and an accumulation of activated CD8 + T cells within tumours. Global gene expression studies performed to phenotype naive from effector Treg cells found that CD25 + CD103
Treg cells displayed a naïve-like phenotype with high expression of CD62L [29] . CD103 + Treg cells appeared to show an activated phenotype as they expressed lower levels of CD62L and higher levels of CD44. Given that integrin α E β 7 (CD103) was also important in the homing of Treg cells to inflamed sites, we hypothesised that it may be required for peripheral Treg cell recruitment to mesotheliomas. In our model we examined the expression of CD103 by CD4 + CD25 + Treg cells (clone M290-PE conjugated, BD Pharmingen 557495) by flow cytometry (BD FACS Callibur with CellQuest Pro Software) in peripheral blood, TDLNs and tumours harvested from AE17 s.c. mesothelioma bearing mice as previously described [11, 13] . A total of 10 mice were examined in three independent experiments and the data pooled to reveal a lower proportion (20.5±5.4%) of Treg cells expressed CD103 in the blood, whilst a significantly higher percentage of Treg cells expressed this marker in TDLNs (45.7±5.3%, p<0.001) [26] . A further increase in expression of CD103 by Treg cells was evident within mesotheliomas (70.4±18.3%, p< 0.005). The upregulated expression of CD103 (approximately 3-fold) within tumours was also confirmed by an Affymetrix global gene-chip study comparing the gene expression of activated, tumour-derived Treg cells with naïve, splenic T cells of the same phenotype [26] . These data suggested that movement of Treg cells within murine mesothelioma bearing mice may be mediated by the expression of the surface integrin CD103. The blockade of Treg cell recruitment to tumours using an anti-CD103 mAb to block the interaction of CD103 with its ligand, E-cadherin, did not significantly improve the anti-tumour immune response. Low doses of anti-CD103 mAb (1 μg-5 μg clone 2E7, Ebioscience 14-1031) administered intra-tumourally on a daily basis to established AE17 murine mesotheliomas (9 mm 2 ) in C57BL/ 6J mice only transiently inhibited tumour growth. The administration of the anti-CD103 mAb from the time of tumour inoculation significantly increased the time taken for a tumour to become detectable; an increase from 8±1 days in untreated mice to 12±1 days in treated mice. Interestingly, there was little change in the number of Treg cells found within mesotheliomas that had received anti-CD103 mAb treatment compared to untreated controls (unpublished data, Ireland and Beilharz Laboratory). Thus, although it appeared that Treg cells in murine mesotheliomas expressed CD103, the migration of these cells to the tumour was not solely determined by CD103 expression. A transwell assay to examine migration of Treg cells from within peripheral blood mononuclear cells (PBMCs) towards mesothelioma cells derived from a surgical specimen showed Treg cells migrate in response to both IL-6 and IL-8 produced by the mesothelioma cells [30] . Both IL-6 and IL-8 are detectable in pleural effusions associated with mesotheliomas and have both been demonstrated as growth potentiating factors in mesothelioma [31, 32] . The marked induction of chemokine receptor CXCR1 (IL-8 receptor) expression by Treg cells associated with tumour IL-6 secretion [30] followed by IL-8 induced migration of Treg cells may be a mechanism of tumour escape utilised by mesothelioma tumours. Murine studies have shown that decreasing mesothelioma associated IL-8 levels may inhibit mesothelioma growth [33] . Finally, in further support of tumour induced immunosuppression, Treg cells have been shown to be recruited to tumour sites, including murine mesotheliomas, with kinetics akin to memory T cells responses as opposed to the slow recruitment kinetics of anti-tumour effector T cells seeing antigen for the first time [34] . This swift recruitment of Treg cells establishes a microenvironment of immune tolerance enabling the persistence of mesothelioma cells [23] . Pleural effusions found to contain a high concentration of TGF-β.
[36]
Peripheral blood of pleural mesothelioma patients Similar proportion of CD4 + CD25 + Treg cells found in both pleural mesothelioma patients and normal healthy controls, this was inferred to be a result of the disease being predominantly localised in nature [64] The Role of Regulatory T Cells in Mesothelioma
Mechanisms of Immunosuppression Exerted by Treg Cells
The immunosuppressive mechanisms of Treg cells are known to be many and varied; depending on the pathology of disease they are associated with. Foxp3 is central to Treg cell development and function and the master regulator of this cell population [14] . The quest for other functional markers of this cell type is however still ongoing. Based on our Treg cell depletion and inactivation studies it was hypothesised that the immunosuppressive cytokine transforming growth factor-beta (TGF-β) was the master regulator of Treg cell mediated immunosuppression in the AE17 murine mesothelioma model [13] . This was supported by the detection of TGF-β in mesothelioma associated pleural effusions; though it was not clear which cell type produced the cytokine [35, 36] . However, although important, TGF-β alone is not solely responsible for maintaining immunosuppression in this model and thus multiple mechanisms of immunosuppression exist [12] . In the s.c. AC29 murine mesothelioma model (CBA mice) granzyme B and perforin, both of which can mediate Treg cell suppression of antitumour natural killer (NK) cell and/or CD8 + T cell responses, were also found not to be crucial mediators [37] . After Treg cell depletion the levels of granzyme B and perforin were increased and thus associated with effector T cells rather than Treg cells. An analysis of pleural effusions of mice with intra-thoracic AC29 mesothelioma demonstrated that after Treg cell depletion an increase in IL-2 was observed together with a reduction in TGF-β (confirming our own laboratory's findings) and IL-10 [38] . IL-2 activates multiple immune cell subsets including, but not limited to, T cells, NK cells and macrophages but its primary function is considered the generation and survival of Treg cells constitutively expressing CD25 or the IL-2 receptor alpha-chain (reviewed in [39] ). Treg cells and activated effector T cells therefore compete for IL-2, particularly when the cells are co-localised [40] . In an in vitro study, exosomes (nanometre sized vesicles) secreted by mesothelioma cells were shown to skew IL-2 responsiveness towards Treg cells with an involvement of tumour cell bound TGF-β [41] . The sequestration of IL-2 by Treg cells away from anti-tumour immune cells is likely an important mechanism of immunosuppression employed by Treg cells in mesothelioma. It potentially inhibits effector T cell accumulation, retention, survival, proliferation or function within tumours [42] but also dendritic cell (DC) activation and maturation [38] . Tumour necrosis factor receptor-2 (TNFR2) and inducible T cell costimulator (ICOS) have both been associated, against the accepted norm of Treg cell anergy, with proliferation of Treg cells (Ki-67 expression) in the AB1 murine mesothelioma model [43] . Within this murine mesothelioma model Treg cells were active suppressors that increased suppressor function in response to tumour antigen. The T cell inhibitory receptor programmed death-1 (PD-1) is a B7 family receptor expressed by activated T cells, including Treg cells, which regulates T cell function through interaction with programmed death-ligand 1 (PD-L1) [44] . A further model for murine mesothelioma immunosuppression has also been proposed where PD-1 acts as the critical mediator [45] . Blockade of the expression of PD-L1 by the same AB1 and AB1-HA mesothelioma cells had a very limited impact on slowing tumour growth but was shown to rescue both CD4 + PD-1 + T cells and CD8 + PD-1 + T cells from immunosuppression. This occurred though only in the absence of Treg cells suggesting that the majority of reactivated CD4 T cells were in fact Treg cells and that they were in part under the control of the tumour. Interestingly, the authors reported unpublished data whereby slower tumour growth was observed when PD-L1 blockade was combined with TGF-β neutralisation.
Improved Survival Results from Treg Cell Depletion
The suppression of anti-tumour immune responses by Treg cells in tumour-bearing hosts is now well established. International research focus has largely moved towards the manipulation of these Treg cells to reinstate the antitumour immune response (Table 2 ). We have reported that the intra-tumoural administration of Treg cell depleting anti-CD25 mAb (PC61) is highly effective at inhibiting development of established murine AE17 mesotheliomas of C57BL/6J mice [11] . We found that to successfully inhibit murine mesothelioma growth, the depletion of intratumoural Treg cells from tumour-bearing hosts using anti-CD25 mAb requires a titrated dosage for intra-tumoural injection that only just depletes the pool of Tregs, resulting in CD4 + helper T cell and CD8 + effector T cell activation [13] . In contrast, higher doses of anti-CD25 mAb, often administered systemically, have been shown to lead to accelerated mesothelioma growth caused by excess antibody co-depleting the activated CD8 + CD25 + T cells released from immunosuppression as a result of the initial Treg cell depletion [13, 37, 46] . The positive effect of low dose, intratumoural anti-CD25 mAb treatment is however transient with Treg cells returning to tumours by day 10 post depletion. Longer term survival from murine mesothelioma or periods of more complete murine mesothelioma growth inhibition have been reported when treatment with anti-CD25 mAb is administered prior to tumour challenge. In an intra-thoracic model of mesothelioma, systemic anti-CD25 mAb depletion did not inhibit tumour growth at all when administered 4 days after tumour implantation but resulted in a significant prolonging of survival when administered 2 days prior to tumour implantation [38] . Though these pre-treatment studies have shown a clear ability to prevent the development of mesotheliomas in murine models, this data and treatment regime is difficult to translate to the clinic. As such, our team has focussed on developing combined immunotherapies with the ability to regress established tumours in a s.c. model of murine mesothelioma.
Intra-tumoural TGF-β was proposed as an important mediator of Treg cell re-accumulation within tumours and therefore also the loss of anti-tumour immunity observed 10 days post Treg cell depletion [13] . TGF-β located within tumours has been shown to maintain an immunosuppressive environment [47] and to inhibit the cytotoxic capacity of CD8 + T cells as well as NK cells [48, 49] . We therefore showed that by combining, and precisely timing, neutralization of TGF-β within mesotheliomas using a TGF-β soluble receptor (SR) together with anti-CD25 mAb depletion, improved transient tumour regression could be achieved. This combined treatment maintained the intratumoural TGF-β concentration at a significantly lower level than either the untreated controls or the single anti-CD25 mAb treatment alone and correlated with a significantly higher intra-tumoural concentration of interferon (IFN)-γ; but tumours eventually relapsed [12] . The presence of Treg cells within TDLNs was also shown to alter the phenotype of DCs in the same location. This suggested that because the anti-tumour immune response is inhibited by multiple mechanisms the development of immunotherapeutic treatment regimes will be more successful if these mechanisms can be simultaneously targeted. This led to our current research where we have demonstrated improved outcome and survival by adding the blockade of CTLA-4 to the anti-CD25 mAb/TGF-β SR regime in the AE17 murine model of s.c. mesothelioma [50] . Cytotoxic T lymphocyte associated antigen-4 (CTLA-4) is one of the most potent negative regulators of T cell responses; the blockade of which enhances anti-tumour T cell responses and inhibits the induction of T cell anergy [51] . Data from these experiments has provided evidence that long-term clearance of established mesotheliomas can be achieved as well as resistance to tumour re-challenge. The emergence of resistance to rechallenge in mice cured by our "triple immunotherapy" is of particular note as it denotes a first reversal of dominant tolerance [34] . This "triple immunotherapy" looks particularly promising especially as all components of the "triple immunotherapy" have approved human equivalents or are undergoing clinical trials. Clinical trials have investigated TGF-β blockade [52] and denileukin diftitox (Ontak) to deplete Treg cells in a number of different cancers [53] [54] [55] while the use of anti-CTLA4 Ig (Ipilimumab, Bristol Myers Squibb) was approved for the treatment of melanoma based on a recent phase III clinical trial [56] . Although many of these Treg cell depletion strategies are showing promise, it is unlikely that they will be used as a single modality to treat an advanced stage mesothelioma patient. Instead, the standard first line chemotherapy for malignant mesothelioma, pemetrexed/cisplatin, is likely to be prescribed in combination with new immunotherapies (personal communication Prof Bruce Robinson, The University of Western Australia [57] ). The combination of chemotherapy with immunotherapy is undergoing a revival of interest. It has now been shown that chemotherapy does not always have a negative effect on the immune response by inducing lymphopaenia, but in fact may be compatible or even synergistic with immunotherapy (reviewed in [58] ). This may particularly be the case for Treg cell manipulating immunotherapies with the potential to induce autoimmunity if administered either systemically or for a prolonged time and for vaccine approaches such as immunogene therapy where neutralising antibodies are rapidly produced after multiple administrations [59] . Beyond this, many chemotherapies, by nature of their specificity for rapidly dividing cells, have been shown to possess some selectivity for Treg cells. Cyclophosphamide can more specifically target Treg cells, though this appears to be somewhat dependent on dosage and timing [60] . Low-dose cyclophosphamide induces beneficial immunomodulatory effects by preventing the induction of Treg cells, and as a consequence, releases effector T cells from immunosuppression [61] . Pemetrexed/cisplatin is the standard first line chemotherapy for malignant mesothelioma but until recently pemetrexed had not been tested for effect on Treg cells. Using a novel intra-thoracic model of murine mesothelioma in which AC29 cells were implanted into the pleura of mice, pemetrexed was shown to synergise with anti-CD25 mAb depletion to enhance survival of mice with established tumours in a CD8 + T cell dependent manner [38] . The mechanisms behind this synergy seem complex with data suggesting it may involve changes in the tumour microenvironment such as increased IL-2 and intra-tumoural IFN-γ + CD8
+ effector T cells, enhanced DC maturation and a decrease in IL-10. In the subcutaneous AC29 tumour model, the combination of cisplatin chemotherapy with Treg cell depletion was investigated in order to determine the impact of Treg cell depletion on tumour cell repopulation between cycles of chemotherapy [37] . Tumour growth inhibition was most significant (though no regression was achieved) when established tumours (~5 mm in diameter) were treated with 100 μg anti-CD25 mAb i.p. 1 day post each cisplatin treatment (administered at weekly intervals). This was also correlated with a reduction in tumour cell repopulation. This treatment combination resulted in an almost complete depletion of Treg cells from within tumours and lymphoid organs; whilst CD4 + and CD8 + T cell numbers remained unchanged. An increase in intra-tumoural IFN-γ, granzyme-b, perforin and IFN-γ-induced protein (IP)-10 were all observed within tumours. Adenoviral-based immunogene therapy regimens in mice (Balb/c) bearing established AB1 mesothelioma tumours boosted with three weekly administrations of cisplatin/gemcitabine have also been shown to result in improved tumour clearance and an increase in the number of antigen-specific, activated CD8 + T cells in the periphery and within tumours [59] . Multiple mechanisms were proposed and studied for this improved outcome including a decrease in Treg cell numbers. Immunogene vaccination almost doubled the number of splenic CD4 + CD25
+ Treg cells, chemotherapy alone had little effect on the Treg cells while the combination was shown to reduce the number of Treg cells by about 50% (though note this analysis was not performed in the mesothelioma model) [59] .
Conclusion
It is becoming increasingly clear that MM tumours are responsive to immunotherapy. The lack of complete tumour cure as a result of many immunotherapies tested so far suggests that the immune response to MM is complex and multi-parametric. The removal of immunosuppressive Treg cells alone has been shown on numerous occasions to result in tumour growth inhibition and the induction or release of anti-tumour effector T cells from immunosuppression. It is likely however that to achieve complete tumour cure or long-term survival that Treg cell depletion will need to be combined with effector T cell boosting and likely also applied as an adjunct to conventional therapies. Treatments aimed at targeting immune checkpoints of cancer have recently shown promise in clinical settings. These include CTLA-4 blockade which is approved for treatment of human metastatic melanoma [56] and PD-1 blockade which is undergoing early clinical trials in humans and appears to be better tolerated than anti-CTLA4 whilst still showing an anti-cancer effect [62] . These studies indicate that targeting mechanisms of immunosuppression is a viable strategy for the treatment of human cancers. For mesothelioma, the prevalence of Treg cells within human tumours, together with the results of animal studies, suggests these cells are an intelligent target for immunotherapy. Finally, the combination of chemotherapy and immunotherapy has been shown to be synergistic in many settings including mesothelioma.
